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INTRODUCTION

Tumor-targeted cancer therapies act by disrupting pathways 
that regulate tumor growth and metastasis. These therapies can 
be broadly categorized based on the drug type (eg, monoclonal 
antibody, small molecule inhibitors) or the targeted pathway 
mechanism (eg, vascular endothelial growth factor, proteasome 
inhibitor). Early molecular therapies typically targeted a single 
molecule, such as imatinib targeting ABL kinase for the 
treatment of chronic myelogenous leukemia, or trastuzumab 
for the treatment of human epidermal growth factor receptor 
2 (HER2)-positive cancers; however, the vast majority of 
new-generation kinase inhibitors act on many kinases, making 
the classifications increasingly challenging. This is relevant 
for anticipating and treating side effects, particularly those 
affecting the cardiovascular system, that may be recognized 
at different stages of drug development.1 In oncology, the 
term “immunotherapy” has most recently been reserved for 
strategies that target the immune system, typically by activating 
any of its components, thus triggering an immune response 
that acts against the tumor. Here, we highlight examples of 
tumor-targeted and immunotherapies with known cardiovascular 
effects.

HUMAN EPIDERMAL GROWTH FACTOR RECEPTOR 2 RECEPTOR 
ANTAGONISTS

In women, breast cancer continues to be the most commonly 
diagnosed cancer and the second-leading cause of cancer 
death.2 Approximately 15% to 20% of patients with early breast 

cancers exhibit overexpression and/or amplification of the HER2 
receptor or oncogene; consequently, adjuvant trastuzumab is 
now the standard of care for these patients.3 Whereas HER2-
positive breast cancer was previously associated with high 
relapse and mortality rates, the development of trastuzumab, 
the first clinically used HER2-targeted monoclonal antibody, has 
revolutionized treatment for these patients. A number of trials 
have demonstrated the effectiveness of trastuzumab in improving 
survival of patients with HER2-positive breast cancer in both the 
metastatic and adjuvant setting.4,5 In addition to trastuzumab, 
HER2-targeted agents include lapatinib (small molecule kinase 
inhibitor against HER2), pertuzumab (monoclonal antibody 
directed against a different HER2 domain), and ado-trastuzumab 
emtansine (an antibody conjugate), all of which have been 
approved by the US Food and Drug Administration (FDA) for the 
treatment of breast cancer.

Despite its efficacy, trastuzumab is associated with 
cardiotoxicity, most often manifested by an asymptomatic 
decrease in left ventricular ejection fraction (LVEF) and less 
often by clinical heart failure.6-8 Recognition of trastuzumab-
related cardiomyopathy is now an integral part of the oncology 
practice and is briefly summarized below.

TRASTUZUMAB-RELATED CARDIOTOXICITY

Incidence

Trastuzumab was initially thought to be noncardiotoxic based 
on early small trials; however, post-hoc analysis of the first large 
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phase III clinical trial in patients with metastatic HER2-positive 
breast cancer demonstrated significant risk of heart failure 
(HF).9 In a retrospective analysis, cardiac dysfunction was 
identified in up to 27% of patients who received anthracycline, 
cyclophosphamide, and trastuzumab, with an incidence of 
New York Heart Association Class (NYHA) III or IV HF of up 
to 19%.10 At the same time, trastuzumab showed impressive 
promise by prolonging progression-free and overall survival, 
which led to its clinical approval for treatment of patients with 
metastatic HER2-positive breast cancer.9 To reduce the risk of 
cardiotoxicity, the design of ensuing clinical trials of patients 
with early HER2-positive breast cancer incorporated critical 
changes, including (1) separation of anthracyclines from 
trastuzumab treatment (only sequential and no concomitant 
treatment was allowed), (2) strict cardiac safety parameters 
at enrollment, and (3) cardiac monitoring during trastuzumab 
use with prespecified parameters for holding and stopping 
therapy based on HF symptoms or changes in LVEF.11 With 
these parameters, the incidence of severe HF (NYHA class III 
or IV) was dramatically reduced to between 0% and 3.9% in 
the trastuzumab arms versus 0% to 1.3% in the control arms 
in the five major randomized adjuvant trials.5,9,12 In the National 
Surgical Adjuvant Breast and Bowel Project (NSABP) B-31 
trial, 5-year cumulative data showed a 3.9% incidence of NYHA 
class III or IV HF in the group who received doxorubicin and 
cyclophosphamide (AC) followed by paclitaxel and trastuzumab 
compared with 0.8% in the control group (AC followed by 
paclitaxel alone).5 Although symptomatic HF was reduced in 
this report, the burden of cardiotoxicity was not trivial; 31% of 
patients in the trastuzumab arm had the drug temporarily or 
permanently withheld for cardiac reasons, and 34% had an 
LVEF decrease of > 10% compared with 17% in the control 
arm.12 The HERceptin Adjuvant (HERA) trial reported even 
lower rates of cardiotoxicity, with severe HF occurring in 
0.6% of patients treated with trastuzumab versus 0% in the 
observation arm, and a decrease in LVEF of > 10% was seen 
in 7.0% of patients in the trastuzumab arm versus 2.1% in the 
observation arm.4 The lower rate of cardiotoxicity was partially 
attributable to the higher LVEF cut-off used (only patients with 
LVEF > 55% were enrolled) and longer time from receipt of 
anthracycline therapy to initiation of trastuzumab.13

Mechanism

The pathophysiological mechanisms that mediate trastuzumab-
induced cardiotoxicity are currently not well understood. 
Trastuzumab is a recombinant humanized monoclonal antibody 
directed against an extracellular region of HER2 or ErbB2, 
a tyrosine kinase receptor from the superfamily of epidermal 
growth factor (EGF) receptors.7 ErbB2 is a ligand-less receptor 
that heterodimerizes with other members of the receptor 
family that are able to bind the EGF or neuregulin (NRG).14 

Binding of NRG to the ErbB receptors induces heterodimer 
formation and autophosphorylation, leading to activation 
of G proteins and stimulation of mitogen-activated protein 
kinase. Among other functions, this pathway mediates the 
hypertrophic response of myocytes to different stimuli and 
controls sarcomeric organization.15,16 Binding of trastuzumab 
to HER2 eventually inhibits downstream-associated signaling 
cascades of this receptor.17 The NRG–ErbB axis was found to 
be a critical component of the heart's stress response; in fact, 
cardiomyopathy developed by 8 to 12 weeks of life in cardiac 
myocyte-specific ErbB2- and ErbB4-conditional knockout 
mice.18-20 These mice adapted poorly to stresses, including 
anthracyclines and pressure overload. In addition, heterozygous 
Nrg1-knockout mice (in which NRG1 expression was low) have 
been shown to have increased sensitivity to anthracyclines.21

Overall, existing data suggests that ErbB2 plays an integral 
role in maintaining normal cardiac function and repair and in 
myocyte response to stress. A recent report by Mohan et al. 
suggests that the trastuzumab effects on cardiomyocytes may 
be mediated by the downstream activation of an autophagy-
inhibitory signaling cascade that suppresses autophagy and 
triggers accumulation of toxic reactive oxygen species.22 It 
has also been suggested that trastuzumab, either alone or 
in combination with doxorubicin, strongly downregulates 
topoisomerase 2B (TOP2B), a major intracellular target in 
doxorubicin-induced cardiotoxicity.23 Furthermore, treatment 
of cardiomyocytes with a combination of trastuzumab and 
doxorubicin (either sequentially or concurrently) significantly 
enhances downregulation of TOP2B protein levels, 
increases apoptosis and cell growth inhibition, and promotes 
production of reactive oxidative and nitrative species in 
human cardiomyocytes compared with either trastuzumab 
or doxorubicin treatment.23 Figure 1 illustrates the signaling 
pathways for HER2 in both cancer cells and cardiac myocytes.

Risk Factors

The risk of trastuzumab-related cardiac dysfunction is found to 
be highest among patients receiving concurrent anthracycline 
therapy, with the risk being greater with higher cumulative doses 
of anthracyclines (> 300 mg/m2).16,24 Modifiable risk factors 
such as smoking, hypertension, diabetes, and dyslipidemia 
are also found to be significantly associated with an increased 
risk of cardiac dysfunction in cancer patients treated with 
anthracyclines and/or trastuzumab, with the most consistent 
association seen with hypertension.24

In clinical practice, patients receiving trastuzumab or other 
HER2-targeted therapy commonly undergo routine assessment 
of LV systolic function at baseline and during treatment, largely 
following the design of breast cancer adjuvant clinical trials. 
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Figure 1.
HER2 signaling pathways in cancer cell and cardiac myocyte. (A) In cancer cells, the HER2 signaling pathway is activated via 
different mechanisms. Trastuzumab and lapatinib block HER2 signaling at different levels. (B) In cardiac myocytes, HER2 signaling 
is involved in pro-survival pathways, which can be blocked by HER2-targeted therapies. HER2: human epidermal receptor 2; ErbB4: 
erythroblastic leukemia viral oncogene B receptors; NRG-1: neuregulin-1 ligand; TK: tyrosine kinase; MAP-RAS-ERK: mitogen-
activated protein kinase-rate sarcoma virus oncogene- extracellular signal-regulated kinase; PI3K-AKT: phosphatidylinositol 
3-kinase-protein kinase B; JAK-STAT: Janus kinase-signal transducer and activator of transcription protein; Top-2B: topoisomerase-2 
beta isoform; DOX: doxorubicin; ROS: reactive oxygen species
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As a result, clinical cardiotoxicity in the form of symptomatic 
HF during treatment is rather rare. However, it has raised 
concerns about the consequences of holding or discontinuing 
HER2 therapy, particularly in the setting of asymptomatic LV 
dysfunction.25,26 Several primary prevention trials have tried 
to address this concern by using a neurohormonal antagonist 
when initiating and during HER2 treatment, and results have 
been promising; however, a very small effect size and use 
of multiple agents has limited their incorporation into clinical 
practice.27 The SAFE-HEART (Cardiac safety of HER2-targeted 
therapy in patients with reduced left ventricular function) trial 
was the first to prospectively test whether HER2-targeted 
therapies can be safely administered without interruptions in 
patients with reduced LVEF, and it met the primary outcome of 
successful completion of oncological therapy with concomitant 
HF therapy and cardiac monitoring.28 The SCHOLAR (Safety 
of continuing chemotherapy in overt left ventricular dysfunction 
using antibodies to human epidermal growth factor receptor-2) 
trial had a similar design and confirmed that continuation of 
trastuzumab may be feasible in the setting of mild cardiotoxicity, 
with an accepted risk of approximately 10% of patients 
developing symptomatic HF.29

OTHER ANTI-HER2 THERAPIES

Three additional HER2-targeted therapies have been approved 
for use in patients with HER2-positive breast cancer: lapatinib, 
pertuzumab, and ado-trastuzumab emtansine. The FDA currently 
recommends assessment of cardiac function in all patients 
prior to receiving HER2-targeted therapy, with periodic checks 
throughout treatment. Under these conditions, the combination 
of trastuzumab and pertuzumab, which at present is approved 
for both metastatic and adjuvant breast cancer treatment, 
does not appear to increase the risk of cardiotoxicity beyond 
the risk that is expected with trastuzumab treatment alone.30 
Lapatinib is an orally active tyrosine kinase inhibitor that affects 
both human epidermal growth HER2 and the epidermal growth 
factor receptor ErbB1, and it may have a more favorable 
cardiac safety profile than trastuzumab, even among patients 
who have previously received anthracyclines, taxanes, and 
trastuzumab.31,32 The last available anti-HER2 agent, ado-
trastuzumab emtansine, is approved for use in metastatic HER2-
positive disease and has been reported to have a favorable 
safety profile when given to patients with normal LV systolic 
function.33

TYROSINE KINASE INHIBITORS

Kinases are endogenous enzymes that regulate molecular 
signaling by phosphorylation, or the transfer of phosphate from 
ATP to proteins. Kinase inhibitors (KIs) and their subgroup, 
tyrosine kinase inhibitors (TKIs), are small molecules that exert 

their antitumor activity by binding to and inhibiting kinases. 
The success of imatinib, the first approved TKI for treatment 
of chronic myelogenous leukemia, has sparked widespread 
development of small molecules targeting different kinases. 
Importantly, contemporary KIs/TKIs are multitargeted, affecting 
multiple kinases and pathways to overcome tumor resistance 
and potentially interfering with physiologic processes and 
cellular homeostasis.34,35 This makes the classification of these 
cancer therapeutics and their adverse effects increasingly 
challenging. The TKIs most associated with HF are the ones 
targeting angiogenesis (described below). The adverse effects 
of other TKIs are diverse, often vascular and metabolic, and are 
described in the recent American Heart Association summary 
statement.36

VASCULAR ENDOTHELIAL GROWTH FACTOR AND ANGIOGENESIS 
INHIBITORS

Angiogenesis inhibitors targeting the vascular endothelial 
growth factor (VEGF) signaling pathway (VSP) have been 
important additions in the therapy of various cancers, especially 
renal cell carcinoma and colorectal cancer.37 This broad group 
of therapeutics—which includes monoclonal antibodies (eg, 
anti-VEGF antibody, bevacizumab) and TKIs (oral agents such 
as sunitinib, sorafenib)—has the predominant effect of VSP 
inhibition. Their most common side effect is hypertension, which 
is considered an on-target effect, although heart failure, arterial 
thromboembolism, and coronary/cerebrovascular ischemia have 
also been reported.38,39

Sunitinib, one of the first VSP TKIs used to treat metastatic 
renal cell cancer, has been associated with heart failure 
and decreases in LVEF in 15% to 28% of patients.40 A 
study by Di Lorenzo et al. identified coronary artery disease 
and hypertension as the most important predictors for the 
development of HF with sunitinib.41

Hypertension occurs in up to 70% of patients treated with 
angiogenesis inhibitors, and treatment is recommended.42 
However, there has been no routine screening or monitoring 
of LV dysfunction in clinical oncology practice.11 This lack of 
prospective data on baseline and on-treatment cardiac function 
limits our understanding of true incidence and prognosis of VSP 
inhibitor-induced cardiotoxicity. In general, cardiac dysfunction 
is considered to be reversible with early recognition and 
cessation of VSP inhibitor therapy.43

PROTEASOME INHIBITORS

Proteasome inhibitors (PI) bortezomib and carfilzomib are 
cornerstone therapies for multiple myeloma.44 Bortezomib is a 
first-line PI approved by the FDA for the treatment of multiple 
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myeloma and mantle cell lymphoma. It specifically targets 
the 26S proteasome and forms stable, reversible interactions 
with the chymotrypsin-like site of the complex, which leads 
to apoptosis of the affected cells.45 Malignant plasma cells 
have very high rates of proteasome activity and are therefore 
targeted for destruction by PIs. Cardiac myocytes are also 
known to have high rates of proteasome activity and protein 
turnover.46 Bortezomib and carfilzomib (a second-generation 
PI) have been proposed to cause cardiotoxicity through 
apoptosis, specifically through caspase-3/7 signaling, which 
is how they exert their oncologic effects.46 Large clinical 
trials involving bortezomib have not demonstrated significant 
cardiotoxicity,45,47 although smaller studies and case reports 
seem to suggest otherwise.44 Carfilzomib irreversibly inhibits 
the chymotryptic site of the proteasome and is currently used 
with increasing frequency for patients with relapsed and/
or refractory multiple myeloma. Although carfilzomib has 
substantially increased survival in patients with relapsed or 
refractory multiple myeloma, there is increasing evidence 
that it may be associated with significant cardiac toxicity.44 A 
pooled analysis of carfilzomib safety data in 526 clinical trial 
patients reported that HF occurred in 7%, and there were 
8 cardiac-related deaths ruled to be possibly related to the 
treatment.48 Another phase II trial of 266 patients treated with 
carfilzomib monotherapy for relapsed myeloma showed a lower 
rate of HF, only 3.8%.49 The risk factors for PI-associated 
cardiotoxicity remain unclear, with some authors reporting an 
additive effect when PIs are combined with anthracyclines and 
some also reporting a dose effect.45 Close clinical monitoring 
is recommended when using PIs, particularly carfilzomib given 
the increasing reports of cardiotoxicity.

IMMUNE CHECKPOINT INHIBITORS

The development of immunotherapies over the past 
decade has had a significant impact on the management 
of an increasing number of advanced-stage malignancies 
previously endowed with dismal prognoses.50 Monoclonal 
antibodies that target immune checkpoint molecules such 
as cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), 
programmed cell death 1 (PD-1), and its ligand (PD L-1) 
have shown unprecedented success in a broad spectrum of 
solid hematological tumors.50 Due to the pivotal role played 
by immune checkpoints in the maintenance of self-tolerance, 
their therapeutic blockade can alter immunological tolerance 
and give rise to autoimmune or inflammatory side effects, 
termed “immune-related adverse events.”50,51 Myocarditis has 
emerged as an uncommon but potentially life-threatening 
adverse effect of immune checkpoint inhibitors, but the 
identification and characterization of this toxicity has proven 
challenging due to its low incidence and varied presentations. 
Immune-mediated myocarditis has been reported in < 1% of 

patients receiving immune checkpoint inhibitors in clinical 
trials, but published cases are often characterized by 
fulminant progression, and combination therapy leads to 
increased risk of toxicity.52,53

The risk of cardiotoxicity from individual immune checkpoint 
inhibitors (ICIs) is unknown, and most of the data comes from 
case reports, pharmacovigilance studies, and small registries. 
The potential risk for fatal myocarditis, pericarditis, fatal 
arrhythmias, and cardiovascular death has been reported for 
ipilimumab (a CTLA-4 inhibitor), nivolumab and pembrolizumab 
(PD-1 inhibitors), and PD L-1 inhibitors including atezolizumab, 
avelumab, and durvalumab.54 The risk appears to be higher 
when ICIs are combined or used with other cardiotoxic 
chemotherapies, such as VEGF inhibitors.54 In clinical trials 
of ICIs, cardiotoxicity was reported to be higher (0.27%) in 
patients receiving a combination of nivolumab and ipilimumab 
compared to those receiving nivolumab alone (0.06%).52 
Toxicity typically occurs early during therapy and, in cases 
of myocarditis, may progress rapidly with arrhythmias and 
hemodynamic compromise.55 Mahmood et al. found that the 
median time to onset of myocarditis was 34 days, with 81% 
presenting within 3 months of starting therapy.56 Steroids and 
immunosuppressive agents are a mainstay of therapy, with 
hemodynamic support and critical care involvement in cases of 
cardiogenic shock and advanced HF.

CONCLUSIONS: NEW PARADIGMS IN DIAGNOSIS, PROGNOSIS, AND 
MANAGEMENT OF CARDIOTOXICITY-RELATED HEART FAILURE

The surge in cancer therapies that target molecular pathways 
relevant to cardiovascular and cardiomyocyte homeostasis 
has led to a better understanding of their impact on 
cardiovascular health. The traditional definition of treatment-
related cardiotoxicity focuses on a decline in LVEF and/or HF 
symptoms and is mostly based on cardiac dysfunction from 
anthracyclines and trastuzumab. Routine LVEF monitoring 
during treatment with these agents has significantly improved 
overall safety, and recent primary and secondary prevention 
trials promise to enhance our ability to avoid disruption and 
continue HER2-targeted therapy even in the setting of mild 
cardiac dysfunction.27,28

Nevertheless, there has been a widening gap in our 
understanding of the incidence and mechanisms of 
cardiotoxicity related to other targeted agents and immune 
therapies. Increased awareness and collaboration with 
oncologists are needed to identify risk predictors and diagnostic 
markers for HF associated with angiogenesis and proteasome 
inhibitors. Similarly, the development of multidisciplinary clinical 
pathways will be critical for early recognition and treatment of 
ICI-associated myocarditis.
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